Previous neuroimaging studies of brain networks have revealed less efficient information transfer in patients with schizophrenia. However, the underlying genetic basis remains largely unexplored. In this study, we investigated the brain anatomical networks of 278 healthy volunteers with different genotypes in the common missense variant (Ser704Cys) of the Disrupted-in-Schizophrenia-1 (DISC1) gene, which is one of the main susceptibility genes of schizophrenia and other psychiatric disorders. The anatomical brain network for each individual was constructed using fiber tractography technique based on diffusion magnetic resonance imaging (dMRI). The properties of this network were then calculated using graph theory. This revealed that Cys-allele carriers showed significantly lower global efficiency of their brain networks than Ser homozygotes, thereby supporting our hypothesis that genetic variation in DISC1 may relate to the risk of schizophrenia by affecting the efficiency of brain network. Additional dMRI analyses were also performed at different levels, with a convergent trend towards decreased white matter integrity being consistently observed in Cys-allele carriers. Together these findings not only provide new clues for understanding DISC1 function, but also suggest that network analyses based on graph theory combined with neuroimaging techniques may reveal structural disruptions related to genetic risk in the brains of healthy individuals.
Introduction
In recent years there has been an explosion of studies, which viewed the human brain as a complex network and explored it utilizing graph theory analysis based on a variety of neuroimaging techniques. These investigations have consistently reported non-trivial topological properties of the human brain network, such as small-worldness, which reflect the nature of efficient information transfer (Bullmore and Sporns 2009) . In particular, an increasing number of brain network studies in schizophrenia using functional and structural imaging methods have revealed not only less efficient information transfer in affected patients, but also an association between disrupted brain network properties and clinical features such as illness duration (Micheloyannis et al. 2006; Liu et al. 2008; Bassett et al. 2009; Skudlarski et al. 2010; van den Heuvel et al. 2010; Zalesky et al. 2011) . However, the genetic basis underlying the less efficient organization of the brain network in schizophrenia remains largely unknown.
Disrupted-in-Schizophrenia-1 (DISC1) is one of the main susceptibility genes in schizophrenia and other psychiatric disorders (Callicott et al. 2005; Brandon and Sawa 2011; Johnstone et al. 2011) . Despite inconsistencies across different populations (Mathieson et al. 2012) , it has been widely reported that the common missense variant Ser704Cys (rs821616) in the DISC1 gene is associated with schizophrenia (Callicott et al. 2005; DeRosse et al. 2007; Qu et al. 2007) , suggesting that genetic variation may be associated with the disrupted organization of the patient's brain. DISC1 is involved in numerous neurodevelopmental processes (Brandon et al. 2009 ), particularly in relation to white matter development, including neurite outgrowth (Kamiya et al. 2006) , myelination (Wood et al. 2009 ), and axon guidance (Chen et al. 2011) . Considering that white matter abnormalities and their high heritability in schizophrenia have been identified by previous studies (Hulshoff Pol et al. 2006; Sussmann et al. 2009 ), we considered that it would be of great interest to investigate whether such differences exist between healthy subjects with different DISC1 genotypes. In particular, we hypothesized that the variation of Ser704Cys in DISC1 could affect the efficient transfer of information in the brain networks of healthy subjects. This, in turn, could relate to the risk of developing schizophrenia, considering that white matter connectivity underlying the anatomical brain network has been shown to be associated with the efficient organization of the brain in previous studies utilizing diffusion magnetic resonance imaging (dMRI)-based methods in healthy and clinical populations (He and Evans 2010) .
To test our hypothesis, we recruited 323 healthy Chinese young adults to our current study. The whole brain anatomical network for each individual was constructed using automated anatomical labeling (AAL) and probabilistic fiber tractography methods based on relatively high angular resolution dMRI data. The topological properties of the brain network, which were calculated using graph theory, were compared between the Cys-allele carriers and Ser homozygotes. More comprehensive analyses based on dMRI were performed at different levels to provide complementary support for our brain network findings.
Materials and Methods

Subjects
We recruited 323 healthy subjects (157 males and 166 females, mean age = 22.7 years, range = 18-31 years) to the study by advertisement.
Exclusion criteria included a history of neurological and psychological diseases in the subjects or their first-degree relatives, notable malformation, traumatic brain injury, hypothyroidism or other disorders known to be associated with mental retardation. Subjects with visible brain lesions on conventional magnetic resonance images were also excluded from the study. All subjects were examined using the Chinese Revised Wechsler Adult Intelligence Scale (WAIS-RC) (Gong 1982) , except that one did not come back for the IQ test. Across all those subjects who participated, the mean full scale IQ (FSIQ) score was 116.7 (range = 70-139). All subjects were right-handed and Han Chinese in origin.
Ethics Statement
After a full explanation, all subjects gave written informed consent according to the standards set by the Ethical Committee of Tianjin Medical University.
DNA Extraction and DISC1 Ser704Cys Genotyping
We extracted genomic DNA from whole blood using EZgene™ Blood gDNA Miniprep Kit (Biomiga Inc, San Diego, CA, United States of America). We then genotyped DISC Ser704Cys (rs821616) in the 314 subjects using the PCR and ligation detection reaction (LDR) method (Thomas et al. 2004; Yi et al. 2009 ) with technical support from the Shanghai Biowing Applied Biotechnology Company.
The PCR primer sequences for Ser704Cys were: forward 5 0 CCTTCAAAGGGGTCTTCCTT 3 0 , reverse 5 0 TGCCTTTGTTTCCTC TCTGTCT 3 0 . PCR was carried out in 20 μL volume containing 1 μL genomic DNA, 0.4 μL primer mixture, 2 μL dNTP, 0.6 μL Mg 2+ , 2 μL buffer, 4 μL Q-Solution and 0.3 μL Taq DNA polymerase. The amplification protocol comprised an initial denaturation and enzyme activation phase at 95°C for 15 min followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 59°C for 1 and 30 s, extension at 72°C for 1 min, and then a final extension at 72°C for 7 min. PCR products were checked in 3% agarose gels stained with ethidium bromide to ensure the amount added in LDR.
Three probes, including one common probe (rs821616_modify: P-GCCTACAGCTCCAGGAAGCCAGGGGTTTTTTTTTTTTTTTTTT-FAM) and 2 discriminating probes for the 2 alleles (rs821616_A: TTTT TTTTTTTTTTTTTTGAAGCTTGTCGATTGCTTATCCAGT; rs821616_T: TTTTTTTTTTTTTTTTTTTTGAAGCTTGTCGATTGCTTATCCAGA), were designed for the LDR reactions. These reactions were carried out in a 10 μL mixture containing 1 μL buffer, 1 μL probe mix, 0.05 μL Taq DNA ligase, 1 μL PCR product and 6.95 μL deionized water. The reaction program involved an initial heating at 95°C for 2 min followed by 35 cycles of 30 s at 94°C and 2 min at 50°C. Reactions were stopped by chilling the tubes in an ethanol-dry ice bath and adding 0.5 mL of 0.5 mM EDTA. Aliquots of 1 μL of the reaction products were mixed with 1 μL of loading buffer (83% formamide, 8.3 mM EDTA and 0.17% blue dextran) and 1 μL ABI GS-500 Rox-Fluorescent molecular weight marker denatured at 95°C for 2 min, and chilled rapidly on ice prior to being loaded on a 5 M urea-5% polyacrylamide gel and electrophoresed on an ABI 3100 DNA sequencer at 3000 V. Fluorescent ligation products were analyzed and quantified using the ABI GeneMapper software.
Nine subjects without DISC1 Ser704Cys genotype data were excluded from the current study, leaving 314 subjects in total. The distribution of the DISC1 genotype in our samples (SerSer: N = 218, SerCys: N = 86, CysCys: N = 10) did not significantly deviate from the Hardy-Weinberg equilibrium (P = 0.67).
MRI Data Acquisition and Preprocessing
DMRI images of the 314 subjects were obtained on a Signa HDx 3.0 T MR scanner (GE Medical Systems). A single shot echo planar imaging sequence (TR = 10 000 ms, TE = 64.2 ms) was employed. Diffusion sensitizing gradients were applied along 55 non-collinear directions (b = 1000 s/mm 2 ), together with 3 non-diffusion-weighted acquisitions (b = 0 s/mm 2 ) which were then averaged to generate 1 b0 image for a better signal to noise ratio. From each subject, 45 axial slices were collected. The field of view was 256 × 256 mm, the acquisition matrix was 128 × 128, the number of excitations was 1, and the slice thickness was 3 mm with no gap, which resulted in a voxel-dimension of 2 × 2 × 3 mm.
The dMRI data were visually inspected by 2 radiologists for apparent artifacts arising from subject motion and instrument malfunction. A further 36 subjects were excluded because of bad imaging quality. Eventually, 278 subjects were included for subsequent analyses, including 80 Cys-allele carriers (SerCys: N = 72, CysCys: N = 8) and 198 Ser homozygotes. The distribution of the DISC1 genotype in these 278 subjects did not significantly deviate from the Hardy-Weinberg equilibrium (P = 0.63). Distortions in the dMRI images caused by eddy currents and simple head movements were then corrected by FMRIB's Diffusion Toolbox (FSL 4.1.4; http://www.fmrib.ox.ac.uk/fsl). After correction, 3D maps of the diffusion tensor and the fractional anisotropy (FA) values were calculated using FSL.
Group Characteristics Analyses
A χ 2 -test was used for gender, and independent 2-sample t-tests were used for age, FSIQ and years of education between the 2 genotype groups. As shown in Table 1 , no significant difference was found between the 2 groups.
Brain Anatomical Network Analyses
Definition of Network Node First, we employed the AAL template (Tzourio-Mazoyer et al. 2002) available with the MRIcro software (http://www.sph.sc.edu/comd/ rorden/mricro.html) to segment the cerebral cortex of each subject into 90 regions (45 for each hemisphere with the cerebellum excluded), each representing a node of the network. The parcellation process for each subject was conducted in the dMRI native space ). In detail, each individual b0 image was normalized to the EPI template in Montreal Neurological Institute (MNI) space. The resulting inverse transformation was then used to warp the AAL template from MNI space to the dMRI native space in which the discrete labeling values were preserved by using a nearest-neighbor interpolation method ). Both the normalization and the inverse transformation were implemented using the SPM8 package (http://www.fil.ion.ucl.ac.uk/spm).
Construction of the Binary Network for an Individual Brain
We performed probabilistic fiber tractography between each pair of the 90 AAL regions in every subject to estimate the connectivity between node regions. We first estimated the local probability distribution of fiber direction at each voxel using the Bayesian framework proposed by , and a computation model capable of automatically estimating 2 fiber population within each voxel was employed (Behrens et al. 2007 ). Probabilistic tractography was applied by sampling 5000 streamlines per voxel. For each sampled fiber line, we drew a sample direction from the local distribution of fiber direction and then proceeded a fixed distance of 0.5 mm along this direction to a new position from which another sample direction was drawn. This propagation procedure stopped if the brain surface was reached or the fiber path looped back on itself. Therefore, the connectivity from a seed voxel i to another target voxel j was defined as the number of fibers passing through voxel j divided by the total number of fibers sampled from voxel I (Behrens et al. 2007 ). The idea of connectivity between voxels can easily be extended to the regional level. For a seed region with n voxels, 5000*n fibers were sampled (5000 fibers for each voxel). The number of fibers passing through a given region divided by 5000*n is defined as the connectivity from the seed region to this target region (Behrens et al. 2007 ). It should be noted that the connectivity from i to j is not necessarily equivalent to the one from j to i because the tractography results are dependent on different seeding locations. However, it has been demonstrated in a previous study that these 2 connectivity values are highly correlated with each other (Gong, Rosa-Neto, et al. 2009 ). The connectivity between the seed region i and the target region j is defined by averaging the 2 connectivity values. The connectivity demonstrated herein, which was derived from probabilistic tractography based on dMRI, has been widely applied and is supported by previous human brain studies Johansen-Berg et al. 2004; Johansen-Berg et al. 2005; Gong, Rosa-Neto, et al. 2009 ). The above-mentioned estimation of fiber direction distribution, subsequent probabilistic tractography and the calculation of regional connectivity were implemented using FSL software and our in-house scripts developed in the Matlab 7.8 platform.
According to the nature of the probabilistic tractography we employed in our study, the probability of connectivity we measured represents the reliability that white matter fiber tracts exist between the 2 regions Behrens et al. 2007 ). However, there is always a risk that some false-positive connections could be included due to the limited dimensional and angular resolution of the dMRI data. To address this issue, a threshold value for the probability of connectivity was utilized to exclude connections between regions that are unlikely to be of certain validity. On the other hand, some false-negative connections (that is, connections that are real, but are rejected as false) might be excluded when a relatively large threshold value is used. Based on the findings from a similar previous study, a threshold range between 0.01 and 0.1 should be able to maximize the inclusion of real regional connections while minimizing the number of false connections (Gong, Rosa-Neto, et al. 2009 ). We tested this by implementing different threshold values ranging from 0.01 to 0.5 at intervals of 0.0025 and, in accordance with previous reports, found 0.1 to be the maximum threshold, which would maintain full connectivity across all 90 AAL regions in our population of 278 healthy young adults. Eventually, a 90 × 90 binary symmetric connectivity matrix was obtained for each subject using the above procedures, in which the x-and y-axes corresponded to the 90 AAL regions and the value of each entry in this matrix was either 0, indicating that no connection existed between the corresponding pair of brain regions, or 1, indicating that the 2 regions were connected in the particular subject.
Graph Theoretical Analyses of the Network Topological Properties
A complex network can be represented as a graph in which nodes correspond to the elements of the system and arcs to the interactions between them (Boccaletti et al. 2006 ). In the current study, we investigated a binary anatomical network G B , which modeled the anatomical connections between different cortical and subcortical AAL regions for each individual brain. Several topological properties were included for our investigations:
1. We used N to represent the total number of nodes in the network. 2. We used E to represent the total number of edges in the network. 3. The subgraph G i is defined as the set of nodes that are the direct neighbors of the ith node. The degree of each node D i;i¼1;2;...;90 is defined as the number of nodes in G i . The degree of the network is the average across all the nodes in the graph:
1. The absolute clustering coefficient of a node C i is defined as the ratio of the number of existing connections to the number of all possible connections in the subgraph G i :
in which E i is the number of edges in G i (Watts and Strogatz 1998; Strogatz 2001) . The absolute clustering coefficient of the network is the average of all nodes:
which is a measure of the extent of local cliquishness or local efficiency of information transfer of a network (Watts and Strogatz 1998; Latora and Marchiori 2001) .
1. The mean shortest absolute path length of a node is defined as
in which d ij is the shortest absolute path length between the i and j nodes. For a binary network, the length of every edge is 1, and d ij is defined as the number of edges along the shortest path connecting nodes i and j. The mean shortest absolute path length of the network is the average across all nodes
which quantifies the extent of average connectivity or the overall routing efficiency of the network (Achard and Bullmore 2007).
1. The global efficiency of the network E glob is defined as
which is the inverse of the harmonic mean of the minimum absolute path length between each pair of nodes, reflecting the global efficiency of parallel information transfer in the network (Latora and Marchiori 2001; Achard and Bullmore 2007) .
Two-sample t-tests on the properties of binary networks were performed between the 2 genotype groups using SPSS13.0. We included gender, age, FSIQ and education duration of the subjects as covariates in order to exclude their potential influence. The threshold value was set at P < 0.05 (FWE-corrected) for significance.
Comprehensive Analyses Based on dMRI at Different Levels More comprehensive analyses based on dMRI were performed at different levels to further explore the white matter differences between the 2 genotype groups in order to provide more support for our brain network analyses.
Voxel-based Analysis of FA Images
Utilizing the SPM8 package, each subject's b0 image was first normalized to the EPI template in MNI space. The normalization consisted of a 12 iteration linear transformation and a non-linear transformation with 7 × 8 × 7 basis functions. Parameters from this transformation were then applied to each subject's FA image, while re-sampling the volume into a voxel size of 2 × 2 × 2 mm. Each normalized FA image was then spatially smoothed by an 8-mm full-width at half-maximum Gaussian kernel to reduce the effect of misregistration in spatial normalization (Ashburner and Friston 2000; Jones et al. 2005 ).
We performed a 2-sample t-test on the normalized FA images between the 2 groups in a voxel-based manner, using SPM8. The threshold value was set at P < 0.05 (FWE-corrected) with a cluster size >30 voxels (2 × 2 × 2 × 30 = 240 mm 3 ) for significance.
Regions of Interest and Fibers of Interest Analyses of FA Images
We further selected regions and fiber tracts in each individual and calculated the average FA value of each selected regions of interest (ROI) and fibers of interest (FOI) for subsequent statistical analyses.
First, we selected all 90 AAL regions as ROIs in the dMRI native space of each subject by utilizing the AAL template. Each individual b0 image had already been normalized to the EPI template in MNI space in previous analyses (see the Anatomical Network Analyses section). The resulting inverse transformation was then used to warp the AAL template from MNI space to the dMRI native space in which the discrete labeling values were preserved by using a nearestneighbor interpolation method ). The inverse transformation was implemented using the SPM8 package. The AAL template is not a pure cortical gray matter mask but includes tissues from both cortical gray matter and subcortical white matter (TzourioMazoyer et al. 2002) . To address this issue, a criterion of FA ≥ 0.2 was set to restrict our analyses within the white matter tissue underlying the cortical region or adjacent to subcortical structures.
We then extracted 20 major white matter fiber tracts as FOIs in the dMRI native space of each subject by utilizing the JHU white matter tractography atlas available with FSL (Wakana et al. 2004; Hua et al. 2008) , which was built on 28 normal subjects of similar age (17 males, 11 females, mean age = 29 years) to our healthy individuals. The inverse transformation was implemented using the same procedure we employed in ROI analyses with the SPM8 package.
Two-sample t-tests on the average FA values of the selected ROIs and FOIs were performed between the 2 genotype groups. Figure 1 shows the AAL template in standard MNI space ( Fig. 1A and B) and the wrapped AAL templates in the native dMRI space of 2 randomly selected subjects from the Ser homozygotes ( Fig. 1C and D) and Cys-allele carriers ( Fig. 1E  and F) . This illustrates the good quality and consistency of the transformations of the AAL template into native dMRI space that we applied across subjects. In Figure 2 , examples of probabilistic fiber tractography are shown in randomly selected subjects from the 2 genotype groups. The resultant trajectories are consistent with existing anatomical knowledge (Witelson 1989) as well as with the results of a previous dMRI study (Wakana et al. 2007 ), thereby providing further support for the validation of our network construction. We successfully constructed binary anatomical networks for each of the final 278 subjects in the form of symmetric connectivity matrices (see Materials and Methods). Figure 3 illustrates the 3D representation of the network in anatomical space, which was obtained by averaging across the binary connectivity matrices of all 278 subjects (Fig. 3A-C) . The connectivity pattern of the network is generally comparable with the results of previous studies utilizing dMRI data (Hagmann et al. 2008; Iturria-Medina et al. 2008; ) as well as current anatomical knowledge (Witelson 1989; Mori et al. 2002; Wakana et al. 2007 ), thereby increasing the validity of our constructed network.
Results
Topological Properties of the Brain Anatomical Network
Different Network Properties Between Ser Homozygotes and Cys-Allele Carriers
As shown in Table 2, significant differences (P < 0.05, FWEcorrected) in network properties were found between the 2 genotype groups by 2-sample t-tests. We found that compared with Ser homozygotes, Cys-allele carriers showed significantly fewer edges (Fig. 4A) , longer shortest path length (Fig. 4B) , and lower global efficiency (Fig. 4C ) of their brain anatomical networks; no significant difference in cluster coefficient (C p ) was observed between the 2 groups.
Voxel-based Analysis of FA
The FA images were compared in a voxel-wise manner by a 2-sample t-test between the 2 genotype groups. No significant difference of FA value was found (P < 0.05, FWE-corrected, cluster size >30 voxels).
Different FA Values Between Ser Homozygotes and Cys-Allele Carriers Based on ROI and FOI Analyses
As shown in Table 3 , a trend towards decreased averaged FA values was observed in 2 AAL regions including Postcentral_L and Parietal_Sup_L (the names of AAL regions are provided by the MRIcro software; "L" means that the brain region is located in the left hemisphere; "R" denotes the right hemisphere) in Cys-allele carriers compared with Ser homozygotes (P < 0.05, uncorrected). No tendency towards higher FA value was found in the Cys-allele group compared with the Ser homozygotes. Figure 5 illustrates the JHU white matter tractography atlas in standard MNI space and the wrapped templates in native dMRI space of 2 randomly selected subjects from the Ser homozygotes and Cys-allele carriers, providing support for the quality and consistency of the transformations that we applied across subjects. Two out of 20 white matter fiber tracts, including the left and right anterior thalamic radiations (the names of the FOIs are provided by the FSL software; "L" means that the brain region is located in the left hemisphere; "R" denotes the right hemisphere), displayed a lower average FA value in Cys-allele carriers than in Ser homozygotes (P < 0.05, uncorrected) . No trend towards a higher FA value was found in the Cys-allele group compared with the Ser homozygotes. Figure 2 . Examples of probabilistic fiber tractography in 2 randomly selected subjects. Columns 1 and 3: FA images of one Ser homozygote and one Cys-allele carrier, in which 3 single seed voxels were placed in the genu of the corpus callosum (row 1), the cingulum (row 2), and the corticospinal tract (row 3); the seed voxel is marked by the green cross. Columns 2 and 4: corresponding probabilistic fiber tractography results overlaid on the FA images; the color of each voxel represents the number of fibers passing through it divided by the total number of fibers sampled from the seed voxel (5000), ranging from the threshold value we used in this manuscript 0.1 (red), indicating that at least 10% of the sampled fibers passed through this voxel, to 1 (yellow), indicating that all sampled fibers passing through this voxel. Figure 3 . 3D presentation of the binary connectivity matrixes averaged across all subjects. (A, B, and C): A 3D presentation of the network in anatomical space, in which the green points correspond to the 90 AAL regions and the lines correspond to the connections between corresponding pairs of brain regions. The colors of the lines represent the percentage of subjects that had a connection between the corresponding pair of brain regions, ranging from 0.5 (yellow), indicating that at least half of the subjects showed a connection, to 1 (red), indicating that the 2 regions were connected in all subjects. Abbreviations: LH, left hemisphere; RH, right hemisphere. *Significance was set at P < 0.05 (FWE-corrected) with equal variances assumed. The results shown are under the threshold of 0.1 for probability of connectivity between regions. E, Cp, Lp and E_glob denote the number of edges, average clustering coefficient, mean shortest path length and global efficiency of the network respectively. Detailed definitions can be found in the Materials and Methods section.
Discussion
In this study, we successfully constructed individual binary anatomical networks for the brains of 278 young healthy Chinese Han adults using a probabilistic fiber tractography method based on dMRI data. The topological network properties we uncovered were in accordance with the findings of previous similar human brain network studies that were done on a macro-scale utilizing dMRI (Hagmann et al. 2007 (Hagmann et al. , 2008 Iturria-Medina et al. 2008; Gong, RosaNeto, et al. 2009; Shu et al. 2009; IturriaMedina et al. 2011; Wang et al. 2012 ). More importantly, we found significantly lower global efficiency of the brain networks in Cys-allele carriers of DISC1 compared with Ser homozygotes, providing direct support for our hypothesis that the variation of Ser704Cys in DISC1 affects the efficient transfer of information in the brain networks of healthy subjects. To the best of our knowledge, this is the first study that has investigated the association between DISC1 and brain anatomical networks in healthy individuals using a dMRI-based method. Our findings suggest that the topological properties of brain networks are modulated by genes that may relate to the development of psychiatric disorders. Non-invasive mapping of anatomical networks in the human brain at the individual level has been facilitated by recent advances in dMRI-based tractography techniques (Hagmann et al. 2007 (Hagmann et al. , 2008 Iturria-Medina et al. 2008; Gong, Rosa-Neto, et al. 2009; Shu et al. 2009; Iturria-Medina et al. 2011; Wang et al. 2012) . In particular, disrupted anatomical network properties have been revealed by several recent studies of schizophrenia, suggesting less efficiency of brain structural organization in clinical cohorts. In the study of Skudlarski et al. (2010) , functional and anatomical connectivity maps were constructed for 27 schizophrenia patients, showing reduced coherence between functional and structural modalities compared with 27 normal controls. In the work of van den Heuvel et al. (2010) , weighted structural networks of 40 schizophrenia patients and 40 healthy controls were established using methods based on diffusion and structural MRI techniques, revealing reduced global efficiency of frontal, temporal, and occipital brain regions in the former group. In another study conducted by Zalesky et al. (2011) , binary brain networks were constructed for 74 chronic schizophrenia patients and 32 control subjects using deterministic tractography method, demonstrating widespread dysconnectivity in white matter connectional architecture in the patient group. These schizophrenia patient results reflect our current findings in healthy young adults, in whom significantly different network properties were found to be associated with the common missense Ser704Cys variant of DISC1 (Callicott et al. 2005) . DISC1 is involved in multiple processes in white matter development, including neurite outgrowth (Kamiya et al. 2006) , myelination (Wood et al. 2009) , and axon guidance (Chen et al. 2011) . For example, knock-down of DISC1 function in zebra fish leads to severe disruption of axonal development (Brandon et al. 2009 ). One recent study (Singh et al. 2011) also reported that the DISC1 Ser704Cys variant inhibits migration of neurons in the developing neocortex, which may be a possible mechanism for its role in neuropsychiatric phenotypes. Although there are inconsistencies in their results, various studies have suggested that Ser704Cys has an impact on the risk of developing psychiatric disorders (Callicott et al. 2005; DeRosse et al. 2007; Qu et al. 2007 ) as well as on the modulation of human brain structure and function (Callicott et al. 2005; Hashimoto et al. 2006; DeRosse et al. 2007; Di Giorgio et al. 2008; Sprooten et al. 2011 ). In particular, Qu et al. (2007) reported a significant positive association between the DISC1 Cys-allele and schizophrenia in a Chinese Han population. To our knowledge, neuroimaging studies focusing on the association between the DISC1 Ser704Cys variant and the white matter of the brain are rare. Hashimoto et al. (2006) demonstrated reduced gray matter volume in the cingulate cortex and decreased FA in prefrontal white matter of individuals carrying the Cys-allele for Ser704Cys. However, Sprooten et al. (2011) also reported significantly decreased FA across the brain in DISC1 Ser-allele carriers compared with Cys homozygotes. In the current study, we found significantly decreased global efficiency in the brain anatomical networks of Cys-allele carriers compared with Ser homozygotes, indicating white matter integrity disruption across the brain in healthy subjects with the Cys-allele genotype. The propagation of fiber tracking which was employed in our probabilistic tractography technique depends on the white matter integrity characterized by the diffusion profile of water molecules estimated in each voxel (Mori and Zhang 2006) . Therefore, the probabilistic tractography we used in this study is capable not only of partially solving the fiber-crossing issue in the human brain, due to the reasonable computing model we used as well as the relatively high angular resolution dMRI data we acquired, but also of calculating the connectivity probabilities between voxels and regions (Behrens, JohansenBerg, et al. 2003; Behrens et al. 2007; Gong, Rosa-Neto, et al. 2009 ). Based on the nature of our probabilistic tractography, we believe that the less efficient network organization found in Cys-allele carriers indicates minor decreased white matter integrity in these subjects, which is further supported by the results of our voxelbased analysis (VBA), ROI, and FOI analyses. This leads us to speculate that the observed differences in network organization could be reflected in variations in cognitive performance, due to the relatively weak fidelity of the underlying white matter to facilitate the rapid and error-free transmission of information between different brain regions (Jung and Haier 2007) . However, no significant difference in IQ performance was found between the 2 genotype groups. This phenomenon has been commonly seen in imaging genetic studies. Imaging features as an intermediate phenotype may be more sensitive and closer to the biological effect of a genetic polymorphism, compared with emergent behavioral properties, as shown in our previous study ) and reported by other researchers (Mattay et al. 2008; Bigos and Weinberger 2010; Meyer-Lindenberg 2010) .
The comprehensive analyses we performed on different levels, including VBA, ROI, and FOI, revealed no significant difference in FA between the 2 genotype groups. However, a convergent trend towards decreased FA was consistently observed in Cys-allele carriers compared with Ser homozygotes, although this effect could not survive multiple corrections in statistical analyses (Table 3 ). This suggests that the differences in white matter integrity between the 2 genotype groups are minor, which we believe to be reasonable, considering that all the subjects in the 2 groups were healthy individuals who were well matched in terms of gender, age, IQ, and education. On the other hand, when we viewed the brain as an integrated system by exploring the topological properties of the brain networks, such as global efficiency, we found significantly disrupted network attributes in Cys-allele carriers. Our results indicate that investigations based on whole brain network models and graph theory may be more informative when exploring the structural organization of the brain in healthy individuals, revealing disrupted attributes of the brain due to the accumulation of minor alterations in white matter integrity. The network topological properties may be plausible endophenotypes for exploring the genetic risk of psychiatric disorders.
The efficiency of information transfer that we measured in the current study, using a graph theory method based on fiber tractography of dMRI, reflects the efficiency of the macro-scale structural organization of the brain from a network point of view. This information transfer efficiency may reflect that of the brain itself, including neurotransmitter release at synapses and action potential propagation along axons. However, more comprehensive studies will be necessary to better characterize the relationship between network efficiency on a macro-scale and micro-scale signal transmission. In conclusion, we have found significant differences in the topological properties of the anatomical brain network between healthy individuals with different DISC1 genotypes. Cys-allele carriers showed significantly lower global efficiency of their brain networks compared with Ser homozygotes, indicating that different efficiency of information transfer in their brains could confer different genetic risk of schizophrenia in these DISC1 genotypes. Our findings not only provide new clues for understanding DISC1 function, but also suggest that network analyses based on graph theory combined with brain imaging techniques may help reveal potential structural disruptions related to genetic risk in the brains of healthy individuals. It should also be noted that Ser704Cys is not the only functional variation of the DISC1 gene (Burdick et al. 2008) . The effects of other functional DISC1 single nucleotide polymorphisms (e.g. Leu607Phe) and their interactions with Ser704Cys in terms of brain networks deserve further investigation. For example, future studies of transgenic mice may provide us with a more comprehensive understanding of the association between DISC1 and altered brain networks.
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